Abstract The FtsZ protein is a self-polymerizing GTPase that plays a central role in bacterial cell division. Several C8-substituted GTP analogs are known to inhibit the polymerization of FtsZ by competing for the same binding site as its endogenous activating ligand GTP. Free energy calculations of the relative binding affinities to FtsZ for a set of five C8-substituted GTP analogs were performed. The calculated values agree well with the available experimental data, and the main contribution to the free energy differences is determined to be the conformational restriction of the ligands. The dihedral angle distributions around the glycosidic bond of these compounds in water are known to vary considerably depending on the physicochemical properties of the substituent at C8. However, within the FtsZ protein, this substitution has a negligible influence on the dihedral angle distributions, which fall within the narrow range of -140°to -90°for all investigated compounds. The corresponding ensemble average of the coupling constants 3 J(C4,H1 0 ) is calculated to be 2.95 ± 0.1 Hz. The contribution of the conformational selection of the GTP analogs upon binding was quantified from the corresponding populations. The obtained restraining free energy values follow the same trend as the relative binding affinities to FtsZ, indicating their dominant contribution.
Introduction
The cell division protein FtsZ is considered a promising antibacterial target (Vollmer 2006; Huang et al. 2007; Paradis-Bleau et al. 2007; Lock and Harry 2008; Kapoor and Panda 2009) , and the recent discovery of a small synthetic FtsZ inhibitor with potent in vitro and in vivo bactericidal activity against multidrug-resistant Staphylococcus aureus suggests that these high expectations are justified (Haydon et al. 2008; Czaplewski et al. 2009 ).
In the presence of guanosine 5 0 -triphosphate (GTP), FtsZ assembles into a variety of polymeric structures, the nature of which is very much dependent on the exact experimental conditions employed (reviewed by Adams and Errington 2009) . Linear protofilaments and protofilament bundles arising from lateral association are among the more frequently studied polymeric species of FtsZ. Polymerization of FtsZ activates its GTPase activity by insertion of acidic residues from the synergy loop into the nucleotide binding pocket of the preceding monomer in the protofilament (Oliva et al. 2004) . Despite considerable efforts, FtsZ polymer dynamics, the associated GTPase reaction kinetics, and the modulation of both by pH, nature and concentration of cations, GTP, guanosine 5 0 -diphosphate (GDP), FtsZ, and certainly regulation by accessory proteins is still not fully understood at a molecular level (Löwe and Amos 1998; Michie and Lowe 2006; Mendieta et al. 2009 ). In particular, the relationship between GTP hydrolysis and FtsZ polymer dynamics remains controversial. While earlier studies suggested direct exchange of nucleotide in protofilaments (Romberg and Mitchison 2004; Tadros et al. 2006) , recent data show that terminal FtsZ subunit exchange is independent of nucleotide state and faster than GTP hydrolysis, supporting the hypothesis that nucleotide exchange occurs only on recycling terminal subunits (Chen and Erickson 2009) . In addition, the previously accepted view that the GTP-bound form of the FtsZ protofilament is intrinsically straight while the GDP-bound form is curved has recently been challenged by the finding that FtsZ structures in various crystal forms and nucleotide states did not show evidence of a conformational switch in the FtsZ monomer involving domain movement (Oliva et al. 2007) , although it should be taken into account that the crystal structures might not be representative for the GTP-or GDP-bound state but in fact could correspond to a transition state. Strikingly, even 8-morpholino-GTP, one of a series of C8-substituted GTP analogs acting as competitive inhibitors of GTP-driven FtsZ polymerization and GTP hydrolysis, was found to bind to Aquifex aeolicus FtsZ in essentially the same way as GDP without inducing any significant conformational changes in the protein (Läppchen et al. 2008) . Until now, the molecular basis of the observed inhibitory action of the investigated C8-substituted GTP derivatives has not been completely resolved. Although the C8-morpholino substituent protrudes from the surface of the monomer, the currently available FtsZ protofilament structures (Oliva et al. 2004 (Oliva et al. , 2007 suggest that the inhibitory action cannot be simply attributed to direct steric clashes between the C8 substituent and the next FtsZ monomer in a growing protofilament. It is important to note, however, that stabilization of intersubunit contacts and the rate of GTPase activity are also dependent on the presence of divalent and monovalent cations and pH (Mendieta et al. 2009 ), suggesting that the C8-substituted GTP derivatives might act by interfering with vital hydrogen-bonding interactions via rearrangement of water molecules and cations in the active site.
In a series of C8-substituted GTP analogs, inhibitory potencies were found to correlate with the corresponding binding affinities to the FtsZ monomer and with the Sterimol parameters of their C8 substituents (Läppchen et al. 2008) . Intrigued by this observation, we set out to rationalize these results in terms of binding free energies. C8-substituted GTP analogs with two stable conformations (anti, syn) separated by high energy barriers belong to a challenging class of compounds for binding affinity calculations Oostenbrink 2007, 2008) . Recently we have developed the enhanced sampling one-step free energy perturbation method (ES-OS) that allows for efficient free energy calculations for GTP analogs in explicit solvent based on sufficient sampling of both relevant conformations (Hritz and Oostenbrink 2009 ).
This paper presents calculations of relative free energies of binding to the FtsZ protein for a set of five C8-substituted GTP analogs in which H8 is replaced by halogen atoms or a methyl group (Fig. 1) . Molecular docking simulations of the C8-substituted GTP analogs well reproduced the phosphate and ribose groups of the molecules, while the base was found to be in both the syn and the anti conformation (Läppchen 2007) . The recent highresolution crystal structure of the Aquifex aeolicus FtsZ protein, co-crystallized with 8-morpholino-GTP, shows that also compounds with a bulky substituent at the C8 position bind to the protein in the anti conformation (Läppchen et al. 2008) , even though in solution the syn conformation is expected to be dominant (Davies 1978; Stolarski et al. 1984; Cho and Evans 1991) . This observation significantly simplifies the free energy calculations of the compounds in the binding site of the FtsZ protein, because the simulation can be restricted to a single ligand conformation and no high energy barriers need to be crossed. For this reason we calculate the free energy difference between the various compounds bound to the FtsZ protein using the one-step (OS) perturbation method (Liu et al. 1996; Oostenbrink and van Gunsteren 2005) . The corresponding values in solution (where both anti and syn conformations contribute) were calculated earlier using enhanced sampling OS (ES-OS) (Hritz and Oostenbrink 2009) .
The computationally predicted values are compared with the available experimental binding affinities to nucleotide-free Methanococcus jannaschii FtsZ protein (Läppchen et al. 2008) . The main contributions to the relative binding free energies are analyzed and provide an explanation for the empirically observed correlation between Sterimol parameters of C8 substituents and binding affinities (Läppchen et al. 2008 ).
Materials and methods
One-step free energy perturbation (OS) (Liu et al. 1996) The aim of OS is to efficiently determine the free energy differences between chemically similar compounds from a single molecular dynamics (MD) simulation of a designed reference compound, S. The free energy between the reference compound (S) and the real compounds (R), can be calculated from a simulation using the reference Hamiltonian and applying Zwanzig's perturbation formula (Zwanzig 1954) : 
Simulation setup
The crystal structure of Aquifex aeolicus FtsZ complexed with 8-morpholino-GTP (Läppchen et al. 2008 ) was downloaded from the protein databank (Berman et al. 2003 ) (www.pdb.org; PDB ID: 2R75, chain B). The morpholino substituent was replaced by a single bromine (Br) atom. Molecular dynamics (MD) simulations of the FtsZ protein in complex with 8-Br-GTP were performed using the GROMOS05 simulation package (Christen et al. 2005) in combination with the GROMOS 53A6 force field . Force field parameters for five C8-substituted GTP analogs are available in the supplementary material of (Hritz and Oostenbrink 2009 ). The magnesium cation and all 283 crystallographic water oxygens were kept and position restrained during initial equilibration steps. Rectangular periodic boundary conditions were used with an additional 24,544 water molecules; 13 of them were replaced by 13 sodium cations in order to electroneutralize the whole system (note: crystallographic waters were not considered for replacement by sodium cations). The system finally contained 24,814 explicit simple point charge (SPC) water molecules (Berendsen et al. 1981) . All bonds were constrained, using the SHAKE algorithm (Ryckaert et al. 1977) , with relative geometric accuracy of 10 -4 , allowing for a time step of 2 fs in the leapfrog integration scheme (Hockney 1970) . After a steepestdescent minimization to remove bad contacts between molecules, initial velocities were randomly assigned from a Maxwell-Boltzmann distribution at 298 K, according to the atomic masses. The temperature was kept constant using weak coupling (Berendsen et al. 1984 ) to a bath of 298 K with a relaxation time of 0.1 ps. The solute molecule and solvent were independently coupled to the heat bath. The pressure was controlled using isotropic weak coupling to atmospheric pressure (Berendsen et al. 1984) with a relaxation time of 0.5 ps. van der Waals and electrostatic interactions were calculated using a triple range cutoff scheme. Interactions within a short-range cutoff of 0.8 nm were calculated every time step from a pair list that was generated every five steps. At these time points, interactions between 0.8 and 1.4 nm were also calculated and kept constant between updates. A reaction-field contribution was added to the electrostatic interactions and forces to account for a homogeneous medium outside the long-range cutoff, using the relative permittivity (61) of SPC water (Tironi et al. 1995) . Selected interactions were calculated using a soft-core van der Waals and electrostatic interaction between atoms i and j (Beutler et al. 1994 ):
with r ij being the interatomic distance; A ij ðk vdw Þ ¼ a vdw
el . C12 ij and C6 ij are the Lennard-Jones parameters for atom pair i and j, q i and q j are the partial charges of particles i and j, and a vdw and a el are the softness constants. In the current study we used in all simulations a vdw k 2 vdw ¼ a el k 2 el ¼ 0:3775, the value empirically known to work well in standard OS (Schäfer et al. 1999; 
with the Karplus coefficients, A = 4.4 Hz, B = -1.4 Hz, and C = 0.1 Hz (Trantirek et al. 2002) . The 3 J values for both states are listed in the caption of Fig. 2 
where DG ESÀOS GTP;R ðaqÞ are the free energy values relative to GTP in a water environment as calculated by the ES-OS method in our previous study (Hritz and Oostenbrink 2009) . It is important to note that, despite the different soft reference states used in water and for the FtsZ bound state, the relative free energy differences between real compounds remain valid for the calculation of relative binding affinities. The computationally predicted values are compared with the last column in Table 1 , which lists the only available experimental binding affinities, to Methanococcus jannaschii FtsZ (Läppchen et al. 2008 ). We do not expect that the binding affinities will deviate significantly between M. jannaschi FtsZ and A. aeolicus FtsZ, since X-ray structures of FtsZ from both species show very similar monomer interfaces, which comprise the nucleotide binding pocket (Oliva et al. 2007 ). Moreover, for both proteins it was observed that different ligands do not lead to different conformation of the binding site (Oliva et al. 2007 ).
Discussion
The calculated relative binding affinities of C8-substituted GTP analogs to the FtsZ protein compare well to the experimental values, with root-mean-square error of 2.7 kJ mol -1 for 8-Cl-GTP, 8-Br-GTP, and 8-CH 3 -GTP. Note that no empirical parameters, other than the force field to calculate the interactions, were used to obtain these values. Table 1 nicely illustrates that the relative free energies in both environments are equally important for the final free energies. The bromine and methyl substituent are both predicted to be much weaker binders with respect to chloride, by roughly *6.5 kJ mol -1 . However, while the dominant contribution to this difference comes from the water environment for 8-Br-GTP, it comes from the bound state for 8-Me-GTP. It is also interesting to note that the GTP analog that is predicted to have the highest affinity is 8-F-GTP, resulting from similar contributions in both environments. No experimental data is available for this compound, as difficulties concerning its synthesis were only recently resolved (Liu et al. 2006; Ghosh et al. 2007) .
It is usually considered that the anti conformation corresponds to a low and the syn conformation to a high value of the coupling constant, 3 J(C4,H1') (Stolarski et al. 1984; Cho and Evans 1991; Ippel et al. 1996; Trantirek et al. 2002) . Therefore it may seem surprising that the ensemble average 3 JðC4; H1 0 Þ of GTP in water (to which the syn conformation contributes with *3%) is calculated to be lower (2.4 Hz) than the value obtained for the bound state of GTP (2.95 Hz) in which only the anti conformation is observed (Fig. 2) . This finding follows directly from the fact that within the FtsZ binding site the v dihedral angle is restricted within tighter bounds for all five C8-substituted GTP analogs as compared with in aqueous solution.
The paradigm of conformational selection describes the binding process between ligand and protein by taking multiple conformations of the protein into account. It states that the correct conformation is selected from the complete ensemble of possible conformations, which are all populated to a given extent (Carlson 2002) . Here, we apply this model to the GTP analogs and quantify the contribution of Fig. 3 Thermodynamic cycles used to calculate the free energy difference between compounds in complex with FtsZ protein. The free energy differences between the reference compound (8-soft_Br-GTP) and the real compounds were calculated by OS using the perturbation formula (Zwanzig 1954) . The free energies relative to GTP were obtained by cycle closure the conformational restriction to the relative binding affinities. For this, we calculate the free energy that is needed to restrict the GTP analogs from their unbound state to a conformation that is possible in the protein, using Eq. 7.
where the unitless populations À140 ; À90 h i ½ R ðaqÞ were obtained from a simple integration over the selected range of a normalized dihedral angle distribution of compound R in water (solid lines in Fig. 2) . The relative values with respect to GTP in water, DDG rest GTP;R ðaqÞ, are listed in the fourth column of Table 2 . It is interesting to note that these follow the same trend as the DDG calc GTP;R ðbindÞ values (Table 1 , fourth column). It seems that the conformational restriction of the GTP analogs accounts for roughly 65% of the difference in affinity for the FtsZ protein. We emphasize that, while the calculation of DDG calc GTP;R ðbindÞ requires extensive simulations in water and in the binding site of the FtsZ protein, the restraining free energy values were calculated from a simple integration of dihedral angle distributions obtained from the water simulation only. Our results strongly indicate that the previously reported correlation between the binding affinities and Sterimol B1 parameter of the substituents (Läppchen et al. 2008) follows from the differences in the restraining free energies of the GTP analogs, which in turn stem from a different syn-anti balance of the compounds, when free in solution.
In agreement with the experimental observations, all compounds adopt roughly the same conformation when bound to the protein, while the various substituents lead to different conformational ensembles when the compounds are free in solution. The conformational restriction upon binding to the FtsZ protein accounts for roughly 65% of the differences in binding affinity. As the binding affinity seems to be for a large part dependent on the conformational ensemble of the studied C8-substituted GTP analogs in water, a low specificity may be expected against other GTPases in which the binding site restricts the conformational freedom of C8-substituted GTP analogs in a similar manner. The inhibitory activities for such proteins will presumably display the same trend. A notable exception is tubulin, the eukaryotic homolog of FtsZ, where GTP analogs with small C8 substituents promoted assembly more than GTP itself.
Conclusions
Relative free energy differences of five C8-substituted GTP analogs in complex with the bacterial cell-division protein FtsZ were calculated using the one-step perturbation (OS) method. Combined with previous values for the water environment as obtained from enhanced sampling OS we calculated the relative binding free energies for these compounds. The results are in good agreement with the available experimental binding affinities. The dihedral angle distributions within the FtsZ binding site are much narrower as compared with those obtained in water. This results in significantly different ensemble averages of the 3 J coupling constants.
The contribution of conformational selection for the C8-substituted GTP analogs was quantified by calculating the restraining free energy in water that is needed to restrain the dihedral angle to the conformational range that is accessible within the binding site of the FtsZ protein. The restraining free energies follow the same trend as the binding free energies, accounting for about 65% of the differences in affinity. This suggests low specificity towards the FtsZ protein, because the same trend can be expected for any GTPases in which the binding site restricts the conformational freedom of C8-substituted GTP analogs in a similar manner. Our results also suggest an explanation for the empirically observed correlation between the Sterimol parameters and the binding affinity to the FtsZ protein. (Table 1) 
